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Vision: simulation of “nuclear” physics
and dense “quark” matter

Goals: Development of quantum technologies toolbox for the
implementation of systems with (non-)abelian gauge symmetry

Nuclear physics in a
quantum simulator

SU(3) nucleus

y SU(3) baryon bt .
uarks % N
q ; (3 0
o g
9|U0n5 50(3) ‘baryon’ SO(3) nucleus
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Quarks and gluons carry a color charge Vs a = ‘ ‘ ‘
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Quarks interact by exchanging gluons p'U R



v Quantum Chromodynamics: ikerbasque
e Gonfinement under normal conditions

A~ _
Quarks and gluons carry a color charge ¥ a = ‘ ‘ ‘

: : ~atfrep P
Quarks interact by exchanging gluons p'U R

Quarks are confined into color-neutral (color singlet)
bound states (hadrons)

aqq mesons: pions (lightest),
kaon, rho, ...

o o
00 '

qqq baryons: proton, neutron, ...
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Compress or
heat baryons

Temperature

Hadrons Confinement
overlap IS “lost”
Expect interesting/unusual behaviour
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Compress or
heat baryons

Temperature

Hadrons # Confinement
overlap IS “lost”

Expect interesting/unusual behaviour
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Compress or
heat baryons

Hadrons
overlap

Confinement
IS “lost”

A vast world to explore
QCD critical point: a challenge for experiment and theory

Earl
univel};e S A
gi Quark-Gluon Plasma
= | sQGP
2
g Crin:cal
Heavy-ion I PELS I
collisions
\.
Neutron Hadronic Phase QK;‘::X:NC __________
stars "{--.] R S\ e

A CFL-KY, Crystalline CSC | |
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase
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Quantum digital
simulation

Hybrid (quantum-classical)
approach

First experimental realisations
in trapped ions platform

Real-time dynamics of lattice gauge
theories with a few-qubit quantum
computer

Esteban A. Martinez , Christine A. Muschik , Philipp Schindler, Daniel Nigg, Alexander Erhard,

Markus Heyl, Philipp Hauke, Marcello Dalmonte, Thomas Monz, Peter Zoller & Rainer Blatt

Nature 534, 516-519 (23 June 2016) Download Citation %

Self-veritying variational quantum
simulation of lattice models

C. Kokail, C. Maier, R. van Bijnen, T. Brydges, M. K. Joshi, P. Jurcevic, C. A. Muschik, P. Silvi, R. Blatt, C.

F. Roos & P. Zoller

Nature 569, 355-360 (2019) Download Citation %

ikerbasque
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for Lattice Gauge Theories

Toolbox for Abelian lattice gauge theories with synthetic matter
O. Dutta, L. Tagliacozzo, M. Lewenstein, J. ZakrzewskKi

Lattice gauge theories simulations in the quantum information era
M. Dalmonte, S. Montangero

Quantum Simulations of Lattice Gauge Theories using Ultracold Atoms in Optical
Lattices
E. Zohar, J.l. Cirac, B. Reznik

Towards Quantum Simulating QCD
U.-J. Wiese
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/
Volume 94B, number 2 PHYSICS LETTERS 28 July 1980

DYNAMICAL STABILITY OF LOCAL GAUGE SYMMETRY
Creation of Light From Chaos

D. FOERSTER  H.B.NIELSEN M. NINOMIYA

And God said *“Let there be light”, and there was light — Genesis 1—3

We show that the large distance behavior of gauge theories is stable, within certain limits, with respect to addition of
\_ gauge noninvariant interactions at small distances.

\
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» Quantum link formalism for gauge theories
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r,r+u S7,7+/1
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Content

Quantum link formalism for gauge theories

A\ /\+
5 F gl

+ fi P+ i
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Implementing the gauge invariance condition

o = (&7

color singlet _
hopping encodlng
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Content —
* Quantum link formalism for gauge theories
FF+H ‘§;’i?+/1
; @ T+ [l F— 7+ ji

* Implementing the gauge invariance condition

energy
lu > 7’—<>7‘
color singlet
hopping encoding
* Tool-box from superconducting CIFCUI’[S
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Gauge fields span a finite dimensional Hilbert space
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Fﬂj Quantum link formalism

Gauge fields span a finite dimensional Hilbert space

U(1) quantum link model

Local degrees of freedom

Quantum link carries an electric flux
In a finite-dimensional Hilbert space

Two conjugate

- i - - v E
variables U’”a”+ﬂ

v r+p

Gauge field Electric field

N\ A\

[E5 746 Up il = Uzz

r,r+i

v\l
S|
+

=<

N
-
-
N
+

=<
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Gauge fields span a finite dimensional Hilbert space

U(1) quantum link model

Local degrees of freedom

Quantum link carries an electric flux
In a finite-dimensional Hilbert space

Two conjugate A = §+ £ — S(3)
variables R U r.rH Fo i
Gauge field Electric field
A A . A (3) + . +
[E£7 740 Uil = Uz iy 155 s 77l = S7 74
electric flux as a quantum spin
.. o+
U}",I’-l—ﬁ S—’—’ /1
; a7+ [ ?—'—7 U

ikerbasque
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% U(1) quantum link model

Local degrees of freedom

Electric flux as a quantum spin

A _ o+ A — §(3)
Uz FH S? Fpi E F 7+ F,r+ji
Gauge field Electric field

> <4

A y A
< >

\, A y
> <4

|Kerbasque

Electric field is the generator
of gauge transformations

V(F, fi) = etz
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Local degrees of freedom and (first) Gauge constraint

Electric field is the generator

Electric flux as ntum spin )
a quantum spi of gauge transformations

lA]?,?ﬂZE S _?F,?+/1 E? FHi S§”3I)”+//t ‘A/(?a f) =e () E 71
Gauge field Electric field H 0 G 7| phys) = | phys)
» <]
R yulialiey
T gilie s
A A 4
» » Not all configuration are allowed

Zero net electric flux around every vertex
6-vertex model (2 in 2 out)
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U(1) quantum link model

Schwinger representation

VaN
U, St
r,r

r,r+u
; a7+ [ r—ypr—r+ i
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U(1) quantum link model
Schwinger representation
A7,7+;1 S"?" i
; a7+ [ F—p—r + ji
A S— W AN— ]
—®— @ /
..... Fo—— It
_ ot — B Fo. =280 Vi i~ My

Gauge field = “hopping” Electric field = occupation difference



Gauge field = “hopping”

Va\ Vo

b b

a’

ple =

|Kerbasque
":J’ U(1) quantum link model
Schwinger representation
774-/\4/ S;—,’I:;—,’_I_ﬂ
; a7+ [ F—p—r + ji
—®—/ 9/

..... Fo—— It
o =0t =Bt £ . =380 Vet i~ g
UI_’) 7+ﬂ — S7,7+ﬂ' — bi_’)/\l/b,—,’_l_ﬁ —/:l/ r,F /Z T 7,7+/:l 2

Electric field = occupation difference

+fermion
a.f =boson
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Fﬂ? " U(1) quantum link model
(second) Gauge constraint
bz ;b
A ’ I"+//t,—//l
o S+ e LEBE |
r,r+u 774 ﬂ 5
a7 i 7 + i T 8
A=y v o+ A=
2 Spin = occupation Number S~,~ = i s
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!"ﬂ’m " U(1) quantum link model
(second) Gauge constraint
A bzﬂ/bi;"‘/’\ia_/’l
o Siq et DETE |
r,r+u 7 i : E
- 7 + i T 8
ey .+ A=
2 Spin = occupation Number S;,»,;Jrﬂ = T '; s
spin-1/2

--------------------------------------------------------

. .
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F\J’m " U(1) quantum link model
(second) Gauge constraint
A b7’ﬂ/b;+ﬂa_/’l
o Siz et TR |
r,r+u AW : E
7 e— 7+ P Wy
oy oy~ + 1x
2 Spin = occupation Number S;;,;WE Hﬂ’/; e
spin-1/2
_______ ~ > =
1 1
E=—E4 EZE—'_
spin-1
B e g -

. .
------------------------------------------------------------------------------------
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S Non-abelian quantum link
Schwinger representation with internal indexes
Lo LAt
{ob - Ot { v
RECALAN ap=< 1t :UQ2)
G e &y bro : UQB)
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S Non-abelian quantum link
Schwinger representation with internal indexes
Lo LAt
{ob Ty { v
KA ap=4 11 :UQ
G e &y bro : U®3)

U(1) group U(2) group U(3) group
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S Non-abelian quantum link
Schwinger representation with internal indexes
Lo LAt
{ob Ty { v
T af=< 11 :UQ2)
G e &y bro : UQB)

U(1) group U(2) group U(3) group

O =pa b

r,r+u r i P, — i
For orthogonal groups:

:§<*I‘

(@)
RIS
=<

|

)

SR

;a7 + [l

from complex to real representations
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S Non-abelian quantum link
Schwinger representation with internal indexes
Lo LAt
{ob - Ot { v
AL ap=< 1t :UQ2)
G e &y bro : UQB)

U(1) group U(2) group U(3) group

O =pa b

r,.r+p r i P, — i A Aaf AL A0
For orthogonal groups: ¢ 0 C;; v Cz i = 03 i
- o ,//t
7 a1 + U
O(3) group

from complex to real representations



& U(1) quantum link model "
with matter field

Gauge invariant quantum Hamiltonian
it 0.
r F i+ l//r+,u
fermion O a D O
gauge boson

2
A g 1 A
A= 3 By 45 Y0055+ mZ( D +h.c.
r Fo

M



" U(@1) quantum link model “**
with matter field

Gauge invariant quantum Hamiltonian

/\T VaN A

Ve Usrri Wieg
fermion O a D O

gauge boson

2
H=7 [E7,7+ﬂ]2+5 z,l/f;U7,7+ﬂllf7+ﬂ+m z,(—l) ; ;+h.c.

r, r

electric term matter-gauge interaction staggered mass
(on-site interaction) (...2...) (lattice potential)



%" U(1) quantum link model "
with matter field

l/Aj_’ l/]—’—’ v A;: v
P Yr i Vi Local (gauge) symmetry

Qam O
2
A g A X 7}\ A
H=?Z[ 77+pt]2+—zl//;U,,r+ﬂWr+ﬂ+mz(—1) ; 7_|_h C
Fofl 7l R
H (A;?]:OV? ?=VA/;'/A/7_Z<E77+#_Er pt?)

gauge generator



%" U(1) quantum link model "
with matter field

o
VAN S
- Urre Ve Local (gauge) symmetry

X X

2
g A ;')/\ o\
== 2 Bl + ZwiU,—;, s m Y (=17 +hc.

HG-1=0V7r ;= Pl — Esri—Er 7
[ > r H H
i
gauge generator - v
A A A
physical Hilbert space (A},-;| phys) =0 V7 99—« <+
A A A
>y > >
in the continuum p=V - -E

charge is the source
of electric field
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* Implementing the gauge invariance condition

o = (&7

color singlet
hopping encoding

energy
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D P iy Atomic Quantum Simulation of Dynamical Gauge Fields Coupled to Fermionic Matter:

From String Breaking to Evolution after a Quench

1. Banerjee, 'M. D lllnmllc. M. \‘hl]lu E. Rico. ™" P. Slulvlur,I (r.-J1. Wicsc,' and P. Zoller™

oA
r +,u l/j}”-l-//l
Qe O |
T=—N -~ - . = 7b- bt Ve
H= 22 Uz sy thoco= Z b’/“‘br+ﬂ, Vl//r+ﬂ+h.c.
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) ) week ending
v PRL 109, 175302 (2012) PHYSICAL REVIEW LETTERS 26 OCTOBER 2012 iKerbasque

D P iy Atomic Quantum Simulation of Dynamical Gauge Fields Coupled to Fermionic Matter:
From String Breaking to Evolution after a Quench

n. B;uu:l_iuc,' M. I');lllm.ﬁulc.:,:"1 M. \1ii]|ur,“ E. Rico. ™" P. Stebler,' U.-]. Wicsc,' and P. Zoller™

Ve Uszry Viv
X X
H =

I ir
D WUz ey +hc

1 A A
= = 2: A~ R A
- ?,/:t/

% M,_
7o
Hmicro — JFZ l//\/;w?ﬂi + JB Z b?,ﬂb;ﬂ +h.c.
r r

hopping fermion

A T A

----------------------------

hopping boson
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v PRL 109, 175302 (2012) PHYSICAL REVIEW LETTERS 26 OCTOBER 2012 |Kerbasque
e Faundation for

D P iy Atomic Quantum Simulation of Dynamical Gauge Fields Coupled to Fermionic Matter:
From String Breaking to Evolution after a Quench

n. B;uu:ljcu._' M. l‘)ullnmlln.:,z"1 M. Miiller,” E. Rico " P. Stebler,' U.-]. Wicsc,' and P. Zoller™

AT A\
r Urpon Wi

O()O
H =

1 A
_z:w e e _z:ATq A
2 7 r,r+ﬂWr+ﬂ +h C. Wab r,i r+/1a er+,u +h°C'

r.i
Hmicro =JFZ l//\/;lﬂ?+ﬁ+Jsz*,ﬂb 7 i +h.c.
r r

hopping fermion N2
- -+ UZ (G;) Fermi-Boson
l//r+ﬂ -

r

Hubbard model

fermi-boson
interaction

hopping boson
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> Faundation for

D P iy Atomic Quantum Simulation of Dynamical Gauge Fields Coupled to Fermionic Matter:
From String Breaking to Evolution after a Quench

n. B;uu:l_iuc,' M. I');lllm.ﬁulc.:,:"1 M. \1ii]|ur,“ E. Rico. ™" P. Stebler,' U.-]. Wicsc,' and P. Zoller™

/\T VaN A
7 Usrra Vi Emergent lattice gauge theory
Qa0
H =

N | —
>
i
=
\n\l
Nl
>
~!
+
=<
+
.’:T‘
O
||

— ~Tho T
ZW_,b i r+/j, W thoc.

mlcro_Jle//—> +ﬂ+JBijﬂ 7 +h.c.

2
» +U 2 (G;) Fermi-Boson
> Hubbard model

hopping fermion

energy
fermi-boson
interaction

U (large)
+4, A >
_ G;;l phyS> =0Vr
hopping boson

>
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D P iy Atomic Quantum Simulation of Dynamical Gauge Fields Coupled to Fermionic Matter:
From String Breaking to Evolution after a Quench

n. B;mc:ljt:c,' M. Dilllll()llld,z'? M. \1iil|cr,"' F. Rico ™" P. Slc:lvlc:r,l (r.-J1. Wicesc._' and P. Zoller™
Toop A _
o YUrrirs Ve Emergent lattice gauge theory
Qam O
ﬁ:l U -, . +h.c. == b= b +h.c.
) 7o rrrt+ W—> ,,u r+,u, l//r+,u

Features of the model:

Real time evolution of string breaking
CP-phase transition in QED in (1+1)-dimensions

energy

fermi-boson

) interaction

Aoy U (large)
b-.b! A
L — G:|phys) =0Vr
hopping boson

>
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Ul s S By oty Atomic Quantum Simulation of U(N) and SU(N) Non-Abelian Lattice (Gange Theories
D. Banerjee,! M. Bigli,! M. Dalimonte,* E. Rico,®” P. Stebler,' 17.-1. Wiese,! znd P. Zoller®”
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Ul s S By oty Atomic Quantum Simulation of U(N) and SU(N) Non-Abelian Lattice (Gange Theories

D. Banerjee,! M. Bigli,! M. Dalimonte,* E. Rico,®” P. Stebler,' 17.-1. Wiese,! znd P. Zoller®”

o 0%

R A )

N [ -
H==Y §o0% 4’ +h.c. —Z(wjb 1O gl y+h.c.

r+/’ta_/’l 1‘+,u

Hoicro =7 ), 02Tb%  +h.c.
7

color singlet
hopping
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Ul s S By oty Atomic Quantum Simulation of U(N) and SU(N) Non-Abelian Lattice (Gange Theories

D. Banerjee,! M. Bigli,! M. Dalimonte,* E. Rico,®” P. Stebler,' 17.-1. Wiese,! znd P. Zoller®”

o 0%

T o A )

N [ -
H==Y §o0% 4’ +h.c. —Z(wjb 1O gl y+h.c.

1‘+,u,—/,t 1‘+,u

Hoicro =7 ), 02Tb%  +h.c.
7

=

color singlet
hopping
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Ul s S By oty Atomic Quantum Simulation of U(N) and SU(N) Non-Abelian Lattice (Gange Theories
D. Banerjee,! M. Bigli,! M. Dalimonte,* E. Rico,®” P. Stebler,' 17.-1. Wiese,! znd P. Zoller®”

o 0%

r R A )

N [ -
H==Y §o0% 4’ +h.c. —Z(wjb 1O gl y+h.c.

r+/’ta_/’l r+/’t

color singlet color singlet (density-density) interaction
hopping conservation number of excitation
Vi = b%The + b7 b

r,u Fof Fpi,— i +ii,—H
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Ul s S By oty Atomic Quantum Simulation of U(N) and SU(N) Non-Abelian Lattice (Gange Theories
D. Banerjee,! M. Bigli,! M. Dalimonte,* E. Rico,®” P. Stebler,' 17.-1. Wiese,! znd P. Zoller®”

o 0%

r T o A )

N [ -
H==Y §o0% 4’ +h.c. —Z(wjb 1O gl y+h.c.

1‘+,u,—/,t 1‘+,u

color singlet color singlet (density-density) interaction
hopping conservation number of excitation
Vi = b%The + b7 b

I Pl Tof Fpi,—p THE,—H
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i Atomic Quantum Simulation of U(N) and SU(N) Non-Abelian Lattice (Gange Theories

n. Ballt‘.ljc‘.tf,l M. B("lg]i,' M. Dalmonte,” E. Rico,®” P. St=bler,' 17.-1. Wiese,! z2nd P. Zoller®”

l//“T U* gk

r,orp " rp
O e o
~ 1
H — v Y anfaﬂ )lﬂB 1L h —_v (7, Ot’h,‘a \(hﬁT )mﬁ YL h -~

Features of the model:

Chiral dynamics in real time
Chiral SB and restoration at non-zero fermion density

W ' +UZN%:,1 L

color singlet | color singlet (density-density) interaction
hopping conservation number of excitation
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SO (3) “Nuclear Physics” with ultracold Gases ¥

E. Rico ® & & M. Dalmonte ¢, P. Zoller 9, D. Banerjee = f, M. Bogli ¢, P. Stebler ©, U.-J. Wiese ®

SU(3) vs. SO(3)
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SO (3) “Nuclear Physics” with ultracold Gases

E. Rico ® ® & & M. Dalmonte ¢, P. Zoller 9, D. Banerjee = |, M. Bégli &, P. Stebler ¢, U.-J. Wiese ©

SU(3) vs. SO(3)

SU(3) baryon

“ \\\,g ““@‘

SO(3) ‘baryon’

Fermionic
statistics



o
% IKerbasque
Annals Of PhyS|CS = Basque Foundation for Science
R e s ) Volume 393, June 2018, Pages 466-483 <~

SO (3) “Nuclear Physics” with ultracold Gases

E. Rico ® ® A & M. Dalmonte ¢, P. Zoller 9, D. Banerjee * ', M. Bogli &, P. Stebler ©, U.-J. Wiese ©

SU(3) nucleus
SU(3) baryon

uarks
g g ,, “
’ @“‘"@‘ \\ é‘,@. /l
SO(3) ‘baryon’ SO(3) nucleus
Fermionic Bound states

statistics of baryons
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Features of the model:

SB of chiral symmetry and its restoration at finite baryon density
Existence of stable bound states (binding energy)

Gauge invariant Hilbert space
Singlet among the matter and gauge fields

szygv — S

7 U Exact encoding to a spin-3/2 model
Syt S(3) Matter content maps to z spin component
r I"

®@é@



w ikerbasque
Basque Foundation for Science

University ot the Bascue Country

* Tool-box from superconducting circuits




ikerbasque

rﬂj Implementation with
superconducting circuits

Local degrees of freedom.-
Matter field:

—
Yl of >t Ol 1)




Ikerbasque

Fﬂj Implementation with
superconducting circuits
Local degrees of freedom.-

Matter field:
Yl s of Fm {m 1) — | 1)
Gauge field:
R -

.
------------------------------------------------------------------------------------
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Local degrees of freedom.-
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We need:

Tuneable (spectrum) device

two-level atom (anharmonic)
cavity (harmonic)

Coherent dynamics (low dissipation)
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Josephson Hamiltonian:
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F,,i Ingredients from
superconducting circuits

Al AIOx Al

Josephson tunnelling:

- couple two superconductors via oxide layer
- oxide layer acts as tunnelling barrier
- superconducting gap inhibits electron tunnelling

Josephson Hamiltonian:

by

Hy=—=>3 [m){n+1]+[n+1)(n]

n

written in terms of the conjugate variable

— —EJ COS ¢ (Fourier transform) [¢7 n] — 9
Physically: difference of the SC phases
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rﬂj Ingredients from
superconducting circuits
Local degrees of freedom.-

Charging hamiltonian of the SC: Junction also acts as a capacitor

9 2
H = (2‘2 n® =4Ecn’

}
}
}
>
>
>
>

Non-linear oscillator - anharmonic cavity - Josephson junction:

H = 4E:-n?* — Ejcos ¢
— wb'd — QbT21?
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AEnergy
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EC —> Fixed by the geometry of the circuit
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Elj Ingredients from
superconducting circuits
Local degrees of freedom.-

Non-linear oscillator - anharmonic cavity - Josephson junction:

AEnergy

Dext |mp0rtant parameter: EJ/EC

¢
EJ?&: he H = 4Ecn* — Ejcos ¢ \\
* 2 (w— Q){\

EC —> Fixed by the geometry of the circuit

E, — Introduction of a SQUID makes the
J junction tuneable with an external flux

EJ (¢ext) — ESHaX CO5 (¢ext)

EJ/EC’ ~ 20 Transmon regime, maximum anharmonicity
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superconducting circuits

—

X

X

=

=

qubit-cavity

Ingredients from

Two coupled Non-linear LC circuit:

C. . N
Lint — 79 <¢q _ ¢)
Hi i~ )\ (ajb + O'q_bT)

Jaynes-Cummings Hamiltonian
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Pﬂj Ingredients from
superconducting circuits

Two coupled Non-linear LC circuit:

=G oy

X = X = (@ | /
I I Hi i~ )\ (ajb + Jq_b‘L) as

Pq

-

qubit-cavity
. Jaynes-Cummings Hamiltonian
¢L y ¢R .................................................................... We need:
7as \\ / \ / well-localised modes
X p— X o : ' ' . (no-tunnelling) - detuned cavities
C\ /U U \ /
.~ VL R :
I T PSPPI "~ Impose gauge constraint

cavity-cavity U LR (conservation of excitations)
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Ingredients from
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superconducting circuits

Pq I ¢

X — X p—

I T
qubit-cavity
oL l PR
A

X = X ==

L L

cavity-cavity

C. . N
Lint — 79 (¢q _ ¢)
Hi i~ )\ (ajb + O'q_bT)

Jaynes-Cummings Hamiltonian

S

e/ e/

U Ur—"
Urr

Two coupled Non-linear LC circuit:

I

We need:

. well-localised modes
. (no-tunnelling) - detuned cavities

" Impose gauge constraint

(conservation of excitations)

2

2
Hiye = wLbEbL + waTRbR — Uy, (bEbL) — Up (bEbR> — ULRbEbLbEbR

_ g

8

(b]br, - b};bR)Q +6 (b be +bbr) = W (blbr + b;bR)z
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Integrating the different elements

Hamiltonian:
e
T @ \\\.//U I3 U 1;\\// @ """ *
T

H = X (ofbr, + 05br +h.c) — W (ng, +ng)’

)\2
\ W( Fbrbloy +he.)

Matter - gauge interaction
= hopping of fermions mediated by a quantum link
= correlated hopping of fermions and Schwinger modes
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Y Spp1 Yk

) 2
H = 97 D (SS;H) —1) ( +S+x+10x+1 + h. C) +m) ., (=1)"ofoy

Electric term Matter-gauge coupling Staggered mass
(on-site energy) (correlated hopping) (energy off-set)
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elements

I —1 [+1 [+ 2
> - ! [ D !
=y Stit1  Yigi.

------------------------------------------------------------------------

-------------------------------------------------------------------------

) 2
H = 97 D (SC(U:,));?-I—l) —1) ( +S+x+10x+1 + h. C) +m) ., (—1)" 003

Electric term Matter-gauge coupling Staggered mass
(on-site energy) (correlated hopping) (energy off-set)
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elements

1 —1 [+ 1 [+ 2
> E ! [ D =
=y Stit1  Yigi.

------------------------------------------------------------------------

|
|
X
X —_ X — X p— X —
T T T T

) 2
H = 97 D (SC(U:,));?-I—l) —1) ( +S+x+10x+1 + h. C) +m) ., (—1)" 003

Electric term Matter-gauge coupling Staggered mass
(on-site energy) (correlated hopping) (energy off-set)
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H=%35,(890) ~t5, (078 m0m +he) +mY, (-1) ooy

Electric term Matter-gauge coupling Staggered mass
(on-site energy) (correlated hopping) (energy off-set)
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Based on transmon devices: simulate string physics on a chip
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PRL 117, 240504 (2016)

PHYSICAL REVIEW LETTERS

week ending
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Loops and Strings in a Superconducting Lattice Gauge Simulator

G. K. annen,1 G. Pupillo,2 E. Rico,g’4 T. M. Stace,5 and D. Vodola®
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Based on fluxonium devices:
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University ot the Eascue Gountry Loops and Strings in a Superconducting Lattice Gauge Simulator

G. K. B1rennen,1 G. Pupillo,2 E. Rico,g’4 T. M. Stace,5 and D. Vodola®

Based on fluxonium devices:
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We show a protocol to measure string operators:
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Digital simulation of a non-abelian gauge field

Transmission wave-guide resonator
as a quantum-bus

I1I|2II3I

6 Transmon qubits to encode
the degree of freedom
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